SUMMARY From echocardlographic measurements of left heart dimensions, cardiac output was estimated in 264 school children whose systolic blood pressure persisted in the lowest, middle, or highest quintile of the distribution for their age and sex. Children with blood pressure in the upper quintile were taller, heavier, and more obese. Echocardiographically determined left ventricular wall mass, corrected for body size, was significantly greater in these children than those in the lower quintiles of blood pressure. These children dis- 
Although the early hemodynamics of spontaneously hypertensive rats (SHR) are controversial, 1 * recent studies by Smith and Hutchins 14 of young SHR have documented an early hyperkinetic phase wherein the cardiac output is elevated but which evolved toward normal cardiac output and elevated systemic vascular resistance." Other investigators have shown that "prehypertensive SHR" have greater total heart weights than normotensive control rats. 1 *" 17 We studied children whose BP level persisted in the low, middle, and upper parts of the distribution for age and sex to define whether group echocardiographic differences exist in cardiac output and left ventricular wall mass.
Methods

Population
The school children of Muscatine, Iowa, have participated in a screening program for coronary risk factors since 1970. Most are white (96.5%). Based upon consecutive school screening measurements in the years 1975 and 1977, we identified students whose systolic blood pressure (SBP) was in the high, middle, or low quintile for age. The children in 1979 were in Grades 4 through 12 and ranged in age from 9 to 18 years. We selected a 70% stratified random sample of those children whose SBP was initially (1975) in the 669 670 HYPERTENSION VOL 3, No 6, NOVEMBER-DECEMBER 1981 high (fifth), middle (third), and low (first) quintiles and persisted (1977) in the same quintile. Table 1 shows the number eligible and the percent participating. A total of 264 students, 140 males and 124 females, participated.
Study Protocol
All studies were performed in a trailer parked next to the school building. School authorities assisted in selecting the time of study for each child. After obtaining both the parents' and the child's consent, we measured height, weight, and tricep skinfold thickness according to a previously described protocol. 1 ' Repeat seated right-arm casual BP was measured using a Baumanometer mercury sphygmomanometer. The procedure was explained to the child and the cuff inflated and deflated once. The first BP measurements following the second inflation were recorded. Blood pressure cuffs were used whose bladders covered at least two-thirds of the upper arm and at least half the circumference of the upper arm without overlapping. The BP at the first, fourth, and fifth Korotkoff phase was recorded. Diastolic blood pressure (DBP) measurements were taken at the fourth Karotkoff phase.
With the child in the recumbent position, echocardiograms were performed using an SKI ultrasonascope 20-A with a 3.5 mHz transducer (Smith Kline Instruments, Inc., Sunnyvale, California) and a Honeywell 1856 strip chart recorder. The "standard interspace technique" for transducer position was used, 1 ' in which the transducer was placed perpendicular to the chest wall to record the anterior mitral leaflet. The ultrasonic beam was angled toward the apex of the left ventricle to record the maximal dimensions showing both rapid systolic anterior left ventricular posterior wall motion and rapid systolic posterior interventricular septal motion. The chordae tendinae were visualized.
The electrocardiogram was clearly defined with an easily discernible QRS complex which demonstrated normal sinus rhythm. If a sinus arrhythmia was present, the cardiac cycles with the shortest R-R interval were selected for analysis. The calibration signal for 1 cm was clearly defined. The recording paper was run at a speed of 50 mm/sec.
The following dimensions were measured as intercepts perpendicular to the main band (a thick line representing the skin-transducer interface) on the initial rapid deflection of the QRS complex of the elec- The echocardiographic stroke volume (SV) was calculated by the difference between diastolic and systolic volumes. The cardiac output (liters/min) was calculated as stroke volume X the heart rate, and the cardiac index was determined by dividing by the body surface area.
We calculated the echocardiographic left ventricular mass by the formula: 13 LV mass (g) = 0.77
Reproducibility of Echocardiograms
One child each day was randomly selected for remeasurement. A second echocardiogram obtained on each of these 169 children was recorded at another time on the same day. These echocardiographic tracings were measured by the same technician without reference to the original readings. Reproducibility was expressed by the intraclass correlation and precision as the pooled within subject standard deviation.
Statistical Analyses
All analyses were performed using the General Linear Models (GLM) procedure of the SAS statistical package." The mean echocardiographic measures in the three BP groups were compared before and after correction for age, sex, height, weight, and triceps skinfold thickness. Treating these possibly confounding variables as covariates, we constructed linear models using linear terms for each of the covariables. Models with quadratic terms and interactions between the covariates were used in preliminary analyses, and the higher order terms were found to be nonsignificant. The least squares means provided by the GLM procedure are reported as the corrected means in the summary tests. The BonFerroni method" was used to correct the pairwise comparisons of the corrected means for the multiple comparison effect.
To determine the relative contribution of obesity to the observed distributions of the hemodynamic measures on the high BP group, all measures were first corrected for the effects of age, sex, and height using multiple linear regression. Stepwise regression analyses with independent variables weight, triceps skinfold, and Quetelet index (weight/height 1 ) were used to determine the relative contribution of these variables after adjustment. The multiple R 1 obtained in these analyses may be interpreted as the proportion of the variability in the hemodynamic measures explained by the measures of obesity, independent of age, sex, and height. Partial correlations holding age, sex, height, weight, and triceps skinfold thickness constant were used to examine the interrelationship of left ventricular echocardiographic dimensions to cardiac output.
Results
The results of the reproducibility of the echocardiographic measurements are given in table 2. All measures with the exception of left ventricular posterior wall were highly reproducible. Nonetheless, all echocardiographic dimensions were measured with a precision of at least 0.12 cm.
After correction for age and sex, children with the high BP levels were noted to be significantly taller, heavier, and more obese (table 3) than children in the other two groups. The SBP measured at the time of this study with the mercury sphygmomanometer resembled the previous screening BPs and continued to segregate into three distinct groups ( fig. 1) .
Left ventricular hypertrophy in the high BP group was documented by an increased echocardiographic left ventricular wall mass (table 4). Before correction for age, sex, height, weight and tricep skinfold thickness, the interventricular septum, left ventricular posterior wall, and left ventricular wall mass were all increased significantly in the high BP group. Because of large measurement variability, following these corrections, the left ventricular posterior wall was no longer significantly increased, although the group mean remained larger. After correction, the increases The corrected heart rate was higher in the high BP group than in the low BP group (table 5) . No group differences were observed in the left ventricular preejection period (PEP), left ventricular ejection time (LVET), PEP/LVET, or in the interval of the electrocardiographic Q wave to mitral valve closure. The echocardiographically derived estimates of stroke volume and cardiac output showed no significant group differences (table 6) .
Because the children in the BP group were taller, heavier, and more obese, we estimated the proportion of the observed differences in the echocardiographic measurements in this group explained by measures of body mass. After correcting for age, sex, and height, from 4% to 14% of the remaining variability was explained by measures of body mass. Simple correlations were generally small. In all cases the majority of this contribution was explained by skinfold thickness or Quetelet index. The largest overall multiple correlations observed were for left ventricular posterior wall and left ventricular wall mass where 11% and 14% respectively were explained by skinfold thickness and Quetelet index. In the high BP group, there was a small but significant relationship between obesity and left ventricular hypertrophy.
Within the high quintile BP group, there was a spectrum of calculated cardiac output. These ranged from 1.5 to 5.5 liters/min/m 2 , suggesting a wide range of systemic vascular resistance. We examined the rela- •Corrected for age, sex, height, weight, and triceps skinfold thickness. tF from comparison of three group means (analysis of variance).
tionships of cardiac output to SBP and DBP holding age, sex, height, weight, and tricep skinfold thickness constant. In the children with BP levels in the highest quintile, the highest DBP was found in those with the lowest cardiac output (partial correlation r = 0.6, p = 0.001). Both the left ventricular diastolic dimension (r = 0.5, p = 0.001) and left ventricular wall mass (r = 0.25, p = < 0.001) were greatest in those children whose BPs were elevated on the basis of increased cardiac output.
Discussion
In our present study, measurements of the interventricular septum and left atrium were increased in children with higher BP, after correction for age, sex, and body size. In addition, when calculated parameters were taken into account, two dominant results emerged: 1) the left ventricular wall mass was significantly larger than expected for age and body size; and 2) there was a wide distribution of cardiac output in children having persistently elevated BP levels. Children whose BP is elevated on the basis of high cardiac output tend to have larger increases in left ventricular diastolic dimension and left ventricular wall mass than those with low cardiac output.
Children whose BPs are at the upper part of the distribution were significantly taller, heavier, and had thicker triceps skinfolds. The relationship between obesity and hypertension has been described in adults."' M Chiang et al." conclude that weight gain acts as an environmental stress causing hypertension in genetically predisposed individuals. Mongeau et al." noted that both BP and body size of a child resemble that of his natural parents and siblings, and that this is not true for adopted children, confirming the genetic predisposition of BP. Many investigators have recognized the strong association of obesity and hypertension in children. 1 ' *• '• " Our data corroborate these findings."
One theory of "fixed hypertension" hypothesizes that it begins as a "labile phase" with increased cardiac output rather than elevated systemic vascular resistance." "Hyperkinetic circulation" is frequently present in borderline hypertensives, but unusual in established essential hypertension." Julius" states that, found that adiposity and resting pulse rate were positively correlated with SBP and to a lesser degree with DBP. Although we observed a continuum of cardiac output across the distribution of BP with a somewhat lower cardiac output in the upper group, there was large variability. Several investigators 84 -" by direct measurement have stressed the heterogeneity of cardiac output and resistance. Davignon et al.
M using echocardiography documented the heterogeneity of cardiac output in adolescents with "labile essential hypertension." Our data indicate that, regardless of cardiac output, children with persistently elevated BP have increased left ventricular wall mass.
The minor axis of the left ventricle has been criticized as an insensitive estimator of cardiac output."
1 M In adults, asynergy is a major confounder of reliable echocardiographic estimates of cardiac output." Moreover, volume overload lesions, either on the basis of left-to-right shunts or valvular regurgitation produce geometric changes in the left ventricle that reduce the reliability of the echocardiographic estimate of cardiac output. However, school children without cardiac disease are optimal subjects for echocardiographic estimation of cardiac output. Meyer et al. 11 have pointed out that the cineangiographic left ventricular long axis in normal children shortens 6% during systole, while the minor axis shortens an average of 21%. Thus, the major determinant of stroke volume is the change in the minor axis. Moreover, Meyer et al. have demonstrated that, in children, echocardiographically determined cardiac volumes relate well to cineangiographically determined volumes (r = 0.93). Using stringent echocardiographic criteria for the measurement of cardiac dimensions, we have documented that we can detect small differences in interventricular septum and left ventricular posterior wall dimensions. 10 Thus, in children the M-Mode echocardiogram can provide a noninvasive measure of cardiac output that can be used in epidemiologic studies of determinants of BP.
Safar et al. 40 in adult borderline hypertensives found increases in echocardiographic interventricular septal dimension without a corresponding increase in left ventricular posterior wall. Similarly, our uncorrected measurements showed increases in left ventricular posterior wall in children with BPs in the highest BP quintile. However, after correction for anthropometric measures, the posterior wall measurements between the groups were not different. Nonetheless, we have unequivocally documented greater left ventricular wall mass in children whose pressures were in the highest quintile. The children with BPs in the highest quintile and with the highest calculated cardiac outputs have both the largest left ventricular diastolic dimension and left ventricular wall mass.
As a group, children with persistently elevated BP are more obese. They may have either increased resistance or increased cardiac output underlying their elevated pressure. An important unanswered question is whether children with elevated BP and high cardiac output or elevated systemic vascular resistance are more likely to develop fixed hypertension as adults.
School children with persistently elevated BP from elevated cardiac output may be in a "hyperkinetic phase." These children with elevated cardiac output tend to have the largest left ventricular wall mass. These observations arc consistent with the experimental observations in young spontaneously hypertensive rats with left ventricular hypertrophy.
14 " 1 * Whether these children may normalize their cardiac output, increase their systemic vascular resistance, and further increase their ventricular wall mass is not known. Longitudinal echocardiographic studies may provide important insights into these questions.
